Shock-wave and turbulent boundary-layer phenomena near the smooth flat metal floor of a specially designed supersonic tunnel are studied from traverses made with pitot, static pressure and surface tubes and from direct shadow and Topler striation photographs. Nearnormal and oblique shock-wave systems, with or without a bifurcated foot, are considered.
I n t r o d u c t io n
1*1. A plane shock wave normal to a smooth flat surface alined in the direction of a uniform stream extends right down to the surface without any change in intensity, when the flow is two-dimensional and the fluid is inviscid.
If the wave impinging on the surface is not normal but oblique, there is a critical angle of incidence to the surface below which the wave is reflected regularly at the surface, the flow beyond the reflected wave being parallel to the surface. If the angle of incidence is greater than the critical angle, the point of intersection of the incident and reflected waves is displaced outwards from the surface and a third wave, the Mach wave, extends from the point of intersection right down to the surface. The fluid which emerges from the reflected wave has a velocity and entropy different from those in the fluid which emerges from the Mach wave, the two fields of flow being separated by a vortex sheet. At the inception of this regime, the Mach wave is normal to the surface, the pressures on the two sides of the vortex sheet are the same, but the density and temperature are different. As the point of intersection of the incident and reflected waves recedes from the surface the Mach wave becomes more and more curved, but the direction of flow and also the pressure on the two sides of the vortex sheet just beyond the point of intersection tend to be the same. 1*2. For a real fluid, the velocity in front of a shock wave cannot be uniform everywhere, for the velocity in the boundary layer falls to zero a t the surface. The conditions near a surface, for both near-normal and oblique wave systems are therefore more complicated than those for an inviscid fluid. Clearly, a shock wave cannot extend to the surface itself, for the flow very near the surface is subsonic. Further, if the part of a shock wave in the free stream a t some distance from the surface were everywhere normal to the surface, the part near the surface could not be, for the distortion of the local flow arising from the velocity gradient there will be associated with a distortion of the shock wave itself. Shock-wave and boundarylayer phenomena near a surface have often been observed and photographed, in particular for airflow through nozzles and past aerofoils and other streamline bodies. The purpose of the present work is to examine such phenomena in some detail for the case of airflow along a smooth flat surface on which the boundary layer is turbulent. dy.
A. Fage and R. F. Sargent
air density. atmospheric density. density just outside boundary layer. stagnation density. density in front of and behind a single-shock wave, static pressure, atmospheric pressure. static pressure in front of and behind a single-shock wave, strength of shock-wave system: y = f°r a near-normal shock wave and for a Mach shock wave, and
PztPi for an system, see figure 3. increase in floor pressure measured from toe of shock wave to point where Tol(To)d t° its minimum value.
stagnation pressure of air when brought to rest adiabatically. stagnation pressure reading of pitot tube. stagnation pressure in front of and behind a single-shock wave, resultant velocity. resultant velocities in front of and behind a single-shock wave. velocity in boundary layer. value of u just outside boundary layer. value of u calculated from surface-tube reading. components of qx and q2 normal to shock wave. components of qx and q2 parallel to shock wave. velocity of sound. atmospheric velocity of sound. Mach number, q/a. velocity of sound for state M = 1, a% = a^/1-2. angle between main shock-wave front and undisturbed stream direction, values of /? for incident and reflected waves respectively, see figure 36 . angle between the front limb of bifurcated shock wave and undisturbed stream direction, see figure 3 a. angle between the back limb of bifurcated shock wave and undisturbed stream direction, see figure 3a . angle between back limb of a bifurcated foot and velocity in front, angle of refraction caused by a shock wave, value of e for a bifurcated foot of a shock wave, intensity of surface friction. datum value of r 0 measured 0-2 in. forward of toe of shock wave. kinematic viscosity ) " , .. . " .
r .
. [ suftix w denotes wall values, coetticient ot viscosity) ratio of specific heat at constant pressure to specific heat at constant volume, 1*4 for air. 3 3. W i n d -t u n n e l a p p a r a t u s 3-1. The experiments were made in a long 2 in. square section tunnel fitted with a faired intake. A diagrammatic sketch of the tunnel is given in figure 1 and a photograph in figure 2. Supersonic conditions in the observation section of the tunnel were obtained by a detachable bulge in the roof of the tunnel, forming a convergent-divergent nozzle. Three bulges, designated I, II and III, were used to give M« 1*2, 1-5 and 1-6, respectively, in the observation section. The observation section had vertical walls of plate glass through which flow phenomena could be investigated optically and a flat floor on which boundary-layer phenomena could be observed. Static, pitot and surface tubes were mounted on a sliding flat brass plate, designed to allow them to be traversed up and down stream. This sliding floor fitted into longitudinal grooves in the vertical sides of the tunnel and rested on a fixed wooden floor. The leading edge of the plate was chamfered on the top surface to minimize flow disturbance on the floor. The sliding floor was clamped in position by a brass sealing plate bearing on the outer surface of the wooden floor. This plate prevented air leakage into the tunnel, and carried a micrometer screw for traversing the brass floor. The flow in the tunnel was induced by a flow of compressed air from an annular injector slot, downstream of the observation section, discharging into a conical diffuser. A transition piece between the observation section and the injector slot changed the cross-section shape of the tunnel from square to circular. The floor a t the entry section of the tunnel was roughened by a line of fine wire spikes projecting about 0-02 in. above the surface. Further, the values of a t the posi tions in the tunnel where shock-wave and boundary-layer phenomena were studied were large and greater than 6 x 104 * 6, so th at the flow in the boundary layer at the positions of observation was turbulent.
3-2. The static tube was made of 0-035 in. diameter steel tubing with a conical nose, 10° half angle. It had four holes 0-01 in. diameter, 0-75 in. back from the nose and symmetrically spaced around the circumference. The tube was supported at its rear end, 2-25 in. behind the pressure holes, by a vertical steel tube 0-055 in. passing through a hole in the floor. The pitot tube was constructed of tubing of the same bore as the static tube. The two tubes were mounted side by side, 0-2 in. on opposite sides of the central vertical plane of the tunnel, with their pressure orifices in the same cross-section. The pitot tube was designed to have its vertical tube close behind that of the static tube, to minimize tunnel blockage. The two tubes could be traversed vertically, side by side, by a micrometer gear. A static pressure hole in the floor was used to measure surface pressure. Pressures were read on water and mercury manometers.
A surface tube, figure 146 , was used to explore the flow very near the floor. The tube was offset 0-2 in. from the centre line of the floor and the pressure at its mouth was measured against the static pressure taken at a small hole in the floor, situated in the transverse cross-section passing through the tube mouth but offset 0-2 in. on the opposite side of the centre line. The Appendix gives a description of the surface ttibe and of the method of calibration.
S h o c k w a v e s . P h o t o g r a p h y
4-1. The investigation was made for two types of wave systems: (a) near-normal single-shock wave, with or without a bifurcated foot, (6) oblique incident and reflected wave system, with or without a bifurcated foot (figure 3). A near-normal shock wave is defined as one for which the part in the free stream at some distance from the floor tends to be normal to the floor. The near-normal shock waves in vestigated are waves terminating the supersonic field in the divergent tunnel beyond the throat. The strength of such a wave depends on the Mach number immediately in front of the wave and therefore on its position. The position depends on the power absorbed by the induced air mixing with the injected air. For low blowing pressures of the injected air, the power absorbed was unsteady and caused a shock wave to oscillate rapidly with an amplitude about 1 in. on either side of its mean position. With an increase in the blowing pressure the mean position of the shock wave moved downstream until a choke, caused by a displacement due to the injected air, was formed in the induced air downstream of the slot. The shock wave then became steady and with a further increase in blowing pressure the power absorbed decreased and the now steady shock wave moved upstream. This condition, known as 'over-blowing', was used to obtain steady near-normal shock waves in the observation section.
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A, Fage and R. F. Sargent A 4° steel wedge fixed to the roof with the sharp edge facing upstream was used to obtain an oblique incident and reflected wave system in the observation section. The effective angle of the wedge, and consequently the strength of the bow wave, was varied by tilting the wedge about its leading edge, which was always kept in contact with the roof. The rear of the wedge was faired with plasticine after the incidence was set.
4-2. Two methods, direct shadow and Topler striation, were used for visualization and photography of flow phenomena. The direct shadow method was used to give a sharp well-defined image of a shock wave, needed for measurements of its shape. The Topler striation method gives a less clearly defined picture of shock-wave shape but a more detailed picture of the flow, particularly in the boundary layer. The direct shadow was formed by collimating the light from a point source into a parallel beam, and projecting this beam normally through the observation section on to a screen or photographic plate.
A full account of Topler's striation method is given in a paper by Schardin (1934) . The optical system used in the present work is shown in figure 4 . Details of the boundary-layer flow were obtained by setting the straight-edged diaphragms G and F parallel to the longitudinal axis of the tunnel. For visual observation, a highpressure mercury arc was used as a source. For photography, a spark from an induction coil, passed between magnesium electrodes in a glass capillary tube, was used. After several sparks had been discharged the inside surface of the glass wall of the tube between the electrodes became frosted, and the tube itself became a light source giving a straight, brilliant uniform beam directed along the axis of the system. A 125 cm. Goerz D ogmar//7 lens was used in both systems. Photographs of near-normal waves of different strength are given in figure 5 plate 1, and in figure 6 j -l ,plate 2. Photographs of oblique incident a wave systems are given in figure 6m-q. For description of plates see p. 20.
4-3. The strength, y, of a near-normal shock wave with or without a bifurcated foot, is specified by the value of PzIPi at pressures just in front of and behind the main shock wave, see figure 3a: th at of an oblique incident and reflected wave system without a Mach shock wave by the value of p j p i at y -0*75 in., where p x is the pressure just in front of the incident wave a n d p 3 is the pressure just behind the reflected wave, figure 3c: and th at of an oblique incident and reflected wave system with a Mach shock wave and bifurcated foot by the value of p J P xt aken at the mid-point of the Mach shock wave, figure 36 . The values of y were obtained by calculation for values of p x and measured in front of the shock waves and for measurements of shock-wave angles obtained from the photographs.
4-4. The sequence given by the photographs d, c, e-i of figure 5, plate 1, shows how the shape of a near-normal shock wave near the surface changes with the wave strength y. For a high value of y a wave bifurcates as it approaches the surface whereas for a low value of y it does not. The bifurcation is such that the front limb is inclined forward to the surface, whilst the back limb is shorter and inclined back ward. The photographs c~g, y ^ 1-87, show th at the height, of the bifurcated foot, i.e. the height of the point of bifurcation above the surface, diminishes with a decrease in y. Photograph h, taken for y = 1-84, shows a wave about to bifurcate, and photograph i, for y = 1*52, a wave that does not bifurcate. Photographs of near-normal shock waves are also given in figure 6 plate 2. The first, for y = 1 *080, the lowest value in the experiments, shows a wave which has not bifurcated, whilst the second for y = 2*33, the highest value, shows a wave with a well-formed bifur cated foot. All the photographs show, as would be expected, that the shock waves do not extend right down to the surface. They also show that the layer of air passing between the toe of a shock wave and the surface thickens beyond the toe and th at the rate of thickening increases with the value of y • This thickening is shown in more detail in the Topler striation photographs, figures and 61. I t will be noticed th at the weak waves without a bifurcated foot, figures 5 and 6 also show some thickening of the surface layer behind the toe. The toe of a wave is taken to be the lower end of the front limb, when the wave has a bifurcated foot, and the lower end of the wave, when it has not. 4-5. Direct shadow photographs of oblique incident and reflected wave systems are given in figure  6m ,n,q. Photograph m shows th a t an oblique incid flected wave system has a Mach shock wave with a bifurcated foot when y = 2-25, photograph n th at a system has a short Mach shock wave without a bifurcated foot when x -1*76, and photograph q th a t reflexion occurs with a short normal wave a t the foot when y = 1-39. Values of PilPz for the in were calculated for measured values of and Mv For these values of 0-789,' 0-774 and 0-811, respectively, the theoretical limiting values of for regular re flexion are 127-8, 128-8 and 126-5°, respectively. The values of obtained from the photographs are 125-1, 129-2 and 131-8°, respectively. For in viscid flow (no boun dary layer), a Mach shock wave would therefore be expected for the first system but not for the other two systems. Photograph m and the corresponding Topler striation photograph o show the rapid thickening of the layer of air which passes between the toe of the bifurcated foot and the surface. Photographs n and p show th a t the rate of thickening for a short Mach wave which has not bifurcated is smaller. The incident waves in all the photographs are straight, but the reflected waves are curved, especi ally near the point of reflexion.
A. Fage and R. F. Sargent 5. S u r f a c e f r ic t io n a n d p r e s s u r e b e l o w s h o c k w a v e s 5-1. Figure 7 gives curves of static pressure p/pA and of surface friction ratio r ol(To)d' where (r0)d is a datum value of t0 measured 0-2 in. in front of the toe position, obtained from measurements taken on the floor below the near-normal shock waves shown in figures 5 da nd 6j-l, plates 1 and 2, and also for the oblique incid reflected wave systems shown in figure 6 m-q. The position of the toe of each system is marked on the curves by a vertical arrow. Figure 9 gives values of obtained, for the near-normal shock wave shown in figure 5c, from readings taken for the surface tube set at four heights, 0-009, 0-011, 0-012 and 0-0155 in., above the surface. The readings for the different heights are seen to be reasonably con sistent and accordingly the readings for the other systems were taken for the tube at one height, 0-011 in., only.
5-2. The curves of p/pA show th at the static pressure on the floor immediately behind a toe rises with an increase in the distance beyond the toe and th at the pressure gradient there is quite steep for the higher values of y. Further beyond a toe, the gradient is much more gradual and tends to be linear. The curves of r 0/(r0)d
show th a t the intensity of surface friction on the floor immediately behind a toe falls with the distance beyond the toe. The minimum value of r 0/(r0)d ultimately reached depends on the value of y and is zero for the higher values of y. Table 1 Shock-wave and boundary-layer 'phenomena near a flat surface gives minimum values of r 0/(r0)d and also values of Ap/pA, where Ap is the rise in floor pressure from the toe position to the point where has its minimum value, obtained from the curves of figures 7 and 96. 6 show that the bifurcation of the foot of either a near-normal or an oblique incident and reflected wave system with a Mach shock wave does not occur until a wave strength x ~ 1*8 is reached. Above this value of x, both hf and (£2° -£i°) at first increase rapidly and then change slowly with %. The four values of hf and (£2° -£i°) plotted for ^ = 2-11 (c) were obtained from four different photographs and they are included to give a measure of the degree of consistency in the obser vations. Figure 8 c,d show that Ap/pA = 0T75 and [T0/{r0)d]min = 0 for wave systems with a well-formed bifurcated foot, y > 2-0 : and th at Ap/pA increases and [To/(To)<dmin. decreases, but not to zero, for the waves without a bifurcated foot, with an increase in % from 1 to 1-8
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D e t a i l e d e x p l o r a t i o n s f o r a n e a r -n o r m a l b i f u r c a t e d s h o c k w a v e
7*1. Information on the nature of a near-normal shock wave with a bifurcated foot was obtained from detailed explorations made for a wave system which closely resembled th at shown in figure  5 a, c. The readings taken, of calculations made from them, are given in figure 9 Figure 9 c gives curves of pjpA, HfpA and qjaA plotted against x, obtained fr the main shock wave at y = 1 and 0*75 in., and through the bi y = 0 -4 in. The readings of static pressure taken immediately in front of the shock wave could not be accepted partly because the wave front itself was distorted locally by the boundary layer on the horizontal stem of the tube passing through the wave and partly because the wave had a small longitudinal movement. The readings taken at a distance about 0-2 in. forward of the wave front were, however, satis factory for they were found to be in very close agreement with those taken in the supersonic stream without the wave present, see dots and crosses in figure 9c . The static pressure immediately in front of the wave was accordingly taken to be the same as th a t measured a t the same position in the stream without the wave present. The same procedure was used to get the stagnation pressure immediately in front of the wave. No readings of static and stagnation pressures were taken immediately behind the wave because it was Considered preferable to calculate them • with shock wave in tunnel; x without shock wave; ® from shock-wave calculations.
by the standard shock-wave relations from readings taken in front. The calculated values are shown by points in circles in figure 9c: they are reasonably consistent with the readings taken farther behind the wave. The curves of figure 9 c show th at whereas the rise in static pressure and the fall in velocity through the bifurcated foot do not differ much from those through the main wave a t = 0*75 in., the loss in stagnation pressure is about 50 % smaller.
7-2. I t should be mentioned th at the values of the stagnation pressures estimated from readings of Hr taken in the supersonic flow in the observation section in front of a shock wave were about 4 % lower than the atmospheric pressure, p A. There was, therefore, an increase in entropy during the flow of the air down the tunnel. This increase is due to losses of mechanical energy associated with con densation shock waves. Such waves were observed in and near the tunnel throat and their nature depended on the humidity of the air outside. Uncertainty arising from the effects of humidity on the observations given is, however, considered to be quite small, for observations were taken only on days of low humidity and, in general, they could be repeated with good accuracy. flow lines are seen to be in close agreement with those obtained from the shock-wave calculations. The shaded areas at the floor give the thickness of boundary layer before and after passing the bifurcated foot, obtained from the Topler striation photograph figure 5a. These thicknesses are marked on curves of H /p obtained from pitot and static-pressure traverses, in figure 10 and it is seen th at they agree reasonably well with those which would be estimated from the curves. The thickness increases from about 0-06 in. in front of the wave foot to about 0-22 in. behind. The short wavy lines in figure 9 a indicate the readings of H /pA were unsteady, see also figure 10. These regions are behind the point of bifurcation and the lower end of the back limb.
B i f u r c a t e d s h o c k -w a v e t h e o r y
8T . I t is convenient at this stage to consider the properties of a shock wave in an infinite uniform in viscid stream, when the wave is bifurcated a t its lower end. The wave system envisaged is th a t shown in figure 3a , except th at there is now no floor and the front and back limbs, BC and CD, of the bifurcated foot extend to infinity. Information on such a system can be obtained on the assumptions th a t the fluid passing through the bifurcated foot emerges with the same pressure and in the same direction as th a t passing through the main wave and th a t these two streams are separated by a vortex sheet, the velocity, density, stagnation pressure and entropy on opposite sides of the sheet being different. I t is obvious th a t the possible ranges of E ,x and £2 for a bifurcated foot, for any assigned value of Mx, are limite for cannot be smaller than sin-1 (1/J Ix)and it cannot b which the Mach number behind the front limb is unity, for, if it were, a back limb could not exist. Figure 11 gives the theoretical limits of within which bifurcation is possible for the range 1 < Mx < T 6. The possible range of increas is small at low values of
Mx. The values of measured for the near-n shown in the photographs of figures 5c-g, plate 1, and 6 k, plate 2, are plotted in figure 11 : each value lies about midway between the theoretical limits.
8-2. Figure 12 gives theoretical curves of £x°, £2°, ey0 (= e°), a2°, (= p 2/Pi) plotted against (3° for a bifurcated shock wave in an infinite stream for which Mx = 1-45. This value of Mx was chosen because it is close to the v the well-formed bifurcated waves shown in figures 5c, plate 1, and 6k, plate 2, were obtained. The possible ranges of /3°, p 2/px (= Pz/P for which bifurcation can occur are 62*7 to 98-0, 1-76 to 2*274 (max.) to 2*23, 62*7 to 43*8, 62*7 to 98*0, 10*4 to 10*6 (max.) to -5*75 and 52*3 to 98 respectively. The first value of each pair is th at for which a back limb is just about to appear and for which the front limb is continuous with the main shock wave and the second value is th a t for which the front limb is just about to disappear and the back limb is continuous with the main wave. The curves near the lower limit of (3 are shown dotted because the accuracy of the calculations made for this region is not high: they are intended to indicate general trends only. 8*3. Figure 13 gives the velocity and stagnation pressure behind the main shock wave and also behind the bifurcated foot for the possible range of /? from 62*7 to 98°. The parts of the curves for the bifurcated foot near the lower limit of (3 are shown dotted because the accuracy of the calculations made for this region is not high. The velocity and also the stagnation pressure behind a bifurcated foot are greater than those behind the main shock wave, the differences being greatest near the middle of the (3 range. The loss of stagnation pressure behind the bifurcated foot is there about one-half of th a t behind the main wave. Since drag is closely proportional to the loss of stagnation pressure, the drag of the bifurcated foot is also about one-half of th a t of the main wave. 9-1. The effect of the boundary layer on bifurcation phenomena a t the foot of a near-normal shock wave can be illustrated by a comparison made between pro perties measured in the tunnel with those calculated for a main wave having the same strength in an infinite stream a t the same Mach number. Such a comparison, based on data given earlier in the paper, is made in table 2. The presence of the boundary layer on the floor is seen to increase £x, £2, £2-£i> a 2> the angle which the back limb makes with the local stream direction in front and e{, the angle of refraction through the front limb, but to decrease ef, the angle of refraction through the bifurcated foot. I t is the thickening of the boundary layer behind the front limb which causes the increase in et and so the increase in £x. The angle (£2 -£x) between the front and back limbs is then dependent on the manner in which the layer thickens between the limbs. 9-2. The question now arises why the weaker near-normal waves shown in figures 5j h,i, plate 1, and 6 j ,plate 2, have not bifurcated. The values of M1 for these w 1-310,1-206 and 1-080, and the possible ranges of £x given by the curves of figure 11 for an infinite inviscid stream are 50 to 65, 56 to 68 and 68 to 75° respectively. The effect of the boundary layer on the floor is to increase £x above the theoretical value for an infinite stream, so th at the values of £x would have been high if bifurcation had occurred. The foot of the wave in figure 5h does, in fact, give a faint indication of bifurcation with the front limb inclined at a high value of £x, and whilst the foot of the wave in figure 5 ihas not bifurcated into two limbs it is not only inc steep angle to the surface but appears to be split into several closely spaced limbs, of which one is much stronger than the other. The shock waves of figure 5 h, i were situated in the expanding flow just beyond the tunnel throat, well upstream of the positions taken by the well-formed bifurcated waves c, d and k. The shock wave of figure 6 j was situated farther downstream than the shock waves, figure 5 h, and near the parallel part of the tunnel. This shock wave is normal to the surface, and it is not surprising th at its foot has not bifurcated because the value of 1-08, is so low. Further, the boundary layer in front has been thickened by an inclined wave upstream (see figure 6 j ,plate 2) and this thickening has probably ease ditions of flow near the foot of the normal wave behind. Curves in figure 7 show th at behind the foot of this shock wave there is a gradual rise in surface pressure and also a gradual fall in surface friction. The minimum value of the intensity of surface friction reached is about 60 % of that in front of the shock wave.
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10. Co n c l u s io n 10-1. The principal results obtained from the work are given in the summary on p. 1. No attem pt has been made to observe the effect of a systematic variation of turbulent boundary-layer thickness on shock-wave phenomena near a surface. I t is likely, however, that bifurcation at the foot of a shock wave nearly normal to a plane surface is likely to occur at higher Mach numbers than those covered in the experiments and for thinner turbulent boundary layers. The rise of pressure through such a shock wave is high and distortion of flow near the foot appears to be inevitable since the wave can never extend right down to the surface. By bifurcation at the foot and a correlated orientation of the main shock wave it is possible for a large part of the pressure rise associated with the flow through the main shock wave to occur behind the front limb of the foot and for the distortion of flow behind to be eased by the back limb with a smaller loss of stagnation pressure, and so a smaller drag, than th at associated with the flow through the main shock wave. The friction on the floor in the space between the front and back limbs falls rapidly to zero so th at the energy losses in the boundary layer arising from the work done against the surface friction is small. The behaviour of the boundary layer well beyond a bifur cated foot has not been considered in the present work, and no provision was made to allow this to be done.
10-2. The work described above was carried out in the Aerodynamics Division of the National Physical Laboratory, and it is published on the recommendation of the Aeronautical Research Council and by permission of the Director of the Laboratory. 3. Figure 14a gives values of T0/pwu2 obtained from the surface-tube calibrations plotted against hue\vw, , where suffix w denotes values a t the wall and ue is the ef velocity at the tube mouth calculated for the measured stagnation and static pressures. Results obtained for U = 890f.p.s. are in close agreement with those obtained for U =5 59f.p.s. The shape of the tube mouth changes with h, so th at T0/pwu2 is a function not only of hue/vw but also of h/b, where b is the width of the mouth at the surface. The calibra tion curve given in figure 14a should, however, give a reasonably good indication of changes in TolPwul> and so of ( dujdy)w , provide the tube is used do not differ much from those of calibration. This form of surface tube was used because of the ease with which it can be made with a razor edge at the top wall. The dependence of the reading on h\b as well as on hu£jvw would have to be determined before the tube could be used for absolute measurement of surface friction. It was estimated that the thickness of the viscous layer at the calibration position was about 3 x 10~3 in. and that of the laminar sublayer about 3 x 10-4 in. 
